Rationale: Aging is associated with reduced FEV 1 to FVC ratio (FEV 1 /FVC), hyperinflation, and alveolar enlargement, but little is known about how age affects small airways. Associations were similar among nonobstructed individuals with respiratory-related impairment. Increasing PRM FSA in subjects without airflow obstruction was associated with increased FVC (P = 0.004) but unchanged FEV 1 (P = 0.94), yielding lower FEV 1 /FVC ratios (P , 0.001). Although emphysema was also significantly associated with lower FEV 1 /FVC (P = 0.04), its contribution relative to PRM FSA in those without airflow obstruction was limited by its low burden.
Methods:
We used parametric response mapping analysis of paired inspiratory/expiratory CTs to identify functional small airway abnormality (PRM FSA ) and emphysema (PRM EMPH ) in the SPIROMICS (Subpopulations and Intermediate Outcome Measures in COPD Study) cohort. Using adjusted linear regression models, we analyzed associations between PRM FSA and age in subjects with or without airflow obstruction. We subdivided participants with normal spirometry based on respiratory-related impairment (6- Associations were similar among nonobstructed individuals with respiratory-related impairment. Increasing PRM FSA in subjects without airflow obstruction was associated with increased FVC (P = 0.004) but unchanged FEV 1 (P = 0.94), yielding lower FEV 1 /FVC ratios (P , 0.001). Although emphysema was also significantly associated with lower FEV 1 /FVC (P = 0.04), its contribution relative to PRM FSA in those without airflow obstruction was limited by its low burden.
Greater life expectancy has been associated with an increased prevalence of chronic diseases (1), including chronic obstructive pulmonary disease (COPD), bringing new health care needs and challenges. One of these challenges is to understand the "normal" process of aging and to separate it from "disease." Lung aging is a complex process previously noted to involve loss of elastic recoil, air trapping (2), decreased vital capacity, increased residual volume (3) , and homogeneous hyperinflation (4) . These changes, considered normal agerelated phenomena, are also present in emphysema-predominant COPD, although with greater severity, including actual destruction of alveolar structures and thickening of the airways. The resemblance between emphysema and age-related changes has led some authors to hypothesize that accelerated lung aging ("senile lung," sometimes known as "senile emphysema") is part of COPD pathogenesis (5, 6) , a matter that is still intensely debated (7) . Despite great interest in the changes at the level of the air sacs, less is known about the impact of aging on the peripheral airways, a major site of airflow resistance and an early target in the development of COPD (8) .
New methods and algorithms of lung imaging continue to be proposed to evaluate COPD, with the goal of delineating phenotypic characteristics associated with clinical outcomes (9) (10) (11) and disease progression (12, 13) . One strength of the recently introduced parametric response mapping (PRM) computed tomography (CT) analysis method is its ability to distinguish emphysematous from nonemphysematous gas trapping, with the latter termed functional small airways abnormality (PRM FSA ) (14) (15) (16) (17) . Given the limited available information about the impact of aging on small airways (8, 18, 19) , identifying age-related changes is an important goal with direct implications in defining lung diseases.
In this analysis, we use clinical, functional, and imaging data from participants in a well-characterized cohort to test the hypotheses that abnormalities of the functional small airways are part of normal aging and that early obstructive lung disease accelerates age-related changes. Specifically, we (1) quantified the extent of PRM FSA in never-and ever-smokers with neither physiologic nor clinical pulmonary abnormalities, (2) tested whether the extent of CT-defined abnormalities increased with aging, and (3) determined whether age-related differences in PRM FSA vary by presence of airflow obstruction. Parts of the results have been presented in abstract form at the 2016 American Thoracic Society International Conference on May 16, 2016, San Francisco, California (20) .
Methods

Design and Study Participants
This study is a cross-sectional analysis of baseline data from participants in SPIROMICS (Subpopulations and Intermediate Outcome Measures in COPD Study), a multicenter cohort study that has enrolled 2,981 participants across four strata (never-smokers and ever-smokers without COPD, with mild/moderate COPD, and with severe COPD) with the goals of identifying new COPD subgroups and intermediate markers of disease progression. Complete details of SPIROMICS design and protocols have been reported in detail elsewhere (21) . The protocols for SPIROMICS have been approved by the institutional review board at each participating institution. For the current analysis, we selected participants, both ever-and never-smokers, without airflow obstruction, based on the spirometry definition of a fixed ratio of FEV 1 over FVC greater than or equal to 0.7 and FEV 1 % predicted greater than the lower limit of normal. Additionally, we excluded subjects with FVC below the lower limit of normal.
Participants were considered asymptomatic if they did not report any symptom or clinical marker of respiratoryrelated impairment (22) (chronic bronchitis symptoms [23] ; dyspnea score >2 on the modified Medical Research Council [mMRC] scale [24] ; distance walked in 6 min ,350 m; St. George's Respiratory Questionnaire total score .25 points [25] ; and acute respiratory events in the year before enrollment, defined as use of antibiotic and/or steroid or hospital admission for a respiratory "flare-up"). Subjects reporting any of these complaints or markers of lung impairment were considered symptomatic. For some additional analyses, aimed at testing the Correspondence and requests for reprints should be addressed to Carlos H. Martinez (26) .
Imaging Analysis
PRM analysis of paired inspiratory and expiratory CTs was used to identify and quantify extent of functional small airway abnormality (PRM FSA ) and emphysema (PRM EMPH ). Briefly, the PRM method (27) consists of three key steps: (1) image acquisition per SPIROMICS protocol, (2) image processing, and (3) classification. During image processing, lung parenchyma and airways are segmented to restrict the focus of the registration process to the lungs. Deformable registration is performed to spatially align the expiration with the inspiration scan, allowing them share the same spatial geometry. Classification of voxel-by-voxel attenuation maps into discrete zones allows for quantification of global measures of normal parenchyma, PRM FSA , and PRM EMPH . Classification is determined by imposing two thresholds: 2950 HU on inspiration scans, with lesser values denoting emphysema; and 2856 HU on expiration scan, with lesser values denoting nonemphysematous gas trapping. These thresholds are applied to a joint histogram formed using all voxel pairs within the registered inspiration-expiration images. Three discrete classifications are identified: (1) healthy lung parenchyma, (2) PRM FSA , and (3) PRM EMPH . PRM has been validated as a technique to identify abnormality even in those without spirometric obstruction (15, 28) . PRM was performed using the Imbio Lung Density Analysis software application (Imbio, LLC, Minneapolis, MN). Extent of normal parenchyma, PRM EMPH , and PRM FSA is described as percentage of the whole lung area.
Statistical Analysis
We performed descriptive statistics for demographic, clinical, and imaging variables (means with SD and proportions). Linear regression was used to identify the effect of age (in decades) on the presence of PRM FSA , in unadjusted models and models adjusted, based on previous knowledge, for covariates relevant to lung function and structure (sex, race, height, smoking status, cumulative smoking history, and history of asthma, with additional adjustment for clinical center and scanner). Initial analyses were restricted to subjects without airflow obstruction, contrasting those with versus without symptoms. In a second step, we compared the extent of PRM FSA between participants with versus without airflow obstruction and tested for airflow obstruction-by-age interactions. We performed three subgroup analyses, restricting the population to (1) neversmokers with no symptoms and no asthma; (2) participants without airflow obstruction and neither respiratory symptoms nor asthma; and (3) participants without history of wheezing before 16 years of age. Last, we tested the impact of PRM FSA on FEV 1 , FVC, and the FEV 1 /FVC ratio in models adjusted for variables known to be associated with lung function (age, sex, race, height, and emphysema percentage). All analyses were performed using Stata version 12 (Stata Corp., College Station, TX).
Results
Characteristics of Participants
By September 2014, SPIROMICS had enrolled 2,705 subjects with complete clinical data and valid spirometry. Given our interest in normal aging and early disease, we excluded 565 participants with moderately severe or severe airflow obstruction (Global Initiative for Chronic Obstructive Lung Disease spirometry stages 3 and 4), 165 participants whose PRM measures were unavailable, and four with FVC below the lower limit of normal, leaving 1,971 subjects for the current analyses, 1,066 without airflow obstruction by both the fixed ratio and lower limit of normal and 904 subjects with obstructive spirometry, Global Initiative for Chronic Obstructive Lung Disease stages 1 and 2. The flow of participants is described in Figure 1 . Among the 1,066 subjects without airflow obstruction, ever-and neversmokers, 580 were asymptomatic, based on not reporting any of five markers of symptoms or respiratory-related impairment (22) (chronic bronchitis symptoms [23] , dyspnea score >2 on the mMRC scale [24] , acute respiratory events in the year before enrollment, distance walked in 6 min ,350 m, and St. George's Respiratory Questionnaire total score .25 points [25] ).
Overall, subjects had age 60.1 years (mean, SD, 9.9 yr), 53.3% females, and more than 24% of African American race. As expected, FEV 1 % predicted (mean, 96.3%; SD, 13.7%) and FEV 1 absolute value (mean, 2.78 L; SD, 0.73) were within the normal range. The asymptomatic group had a statistically significant higher FEV 1 % predicted (99.3 vs. 92.7% among those with symptoms; P , 0.05), higher frequency of never-smokers (26.6 vs. 6.0% among those with symptoms; P , 0.05), lower frequency of current-smokers (30.1 vs. 52.2% among those with symptoms; P , 0.05) and a lower frequency of comorbidities (Table 1) .
Functional Small Airway Abnormalities Increase with Advancing Age
PRM mapping showed that in subjects (both ever-and never-smokers) without airflow obstruction, most of the lung parenchyma was normal, with a low PRM FSA burden (8.3 6 8.0%) that was similar in those without symptoms (8.2 6 7.7%) compared with those with symptoms (8.3 6 8.4%; P = 0.81). There was also paucity of emphysematous changes (PRM EMPH 0.5 6 1.6%). PRM FSA increased with advancing age, in univariate analysis by 3.1% (95% confidence interval [CI], 2.6-3.5%) for decade of age. This association was maintained and remained significant, at 2.7% higher per decade (95% CI, 2.2-3.2%), in multivariate models adjusted for sex, race, height, smoking status, smoking history, history of asthma, clinical center, and CT scanner model (Table 2) . Importantly, the increase of PRM FSA by age was of similar magnitude among nonobstructed subjects with (2.6%; 95% CI, 1.7-3.5%) or without (2.7%; 95% CI, 2.02-3.4%) symptoms or respiratoryrelated impairment, in multivariate models equally adjusted.
Given that air sac dilation resembling emphysema has been described with aging, we also tested the burden of PRM EMPH and its association with age in those without airflow obstruction, using similar models to those used to investigate airway abnormalities. We found that the extent of PRM EMPH is low, ranging from 0.01% at age 40-50 years to 0.4% at age 70-80 years. Moreover, among subjects without airflow obstruction, the increase in PRM EMPH (per 10 yr of age) was quite low at 0.1% (95% CI, 0-0.2%) (see Table E1 in the online supplement).
To understand better the impact of smoking on PRM FSA among subjects without airflow obstruction and to test whether smoking history alters the association between age and PRM FSA , we also compared never-, former-, and current-smokers in models additionally adjusted for demographics, history of asthma, clinical center, and CT scanner model. Not only did the results not change the age and PRM FSA associations, but we also found a limited contribution of smoking history and intensity to the presence of FSA in these subjects with normal post-bronchodilator spirometry (see Table E2 ).
Associations of Age with Functional Small Airway Abnormalities Are Maintained in Subgroup Analyses
Based on the different frequency of asthma between never-and ever-smokers, and between subjects with and without symptoms, we tested if PRM FSA increased with advancing age in subgroups excluding subjects with respiratory symptoms and those with asthma. We found that the associations detected among neversmokers without respiratory symptoms were of similar magnitude after additionally excluding subjects with history of asthma (2.8; 95% CI, 1.7-3.9). Similarly, restricting the analyses to subjects without airflow obstruction, never-and ever-smokers, without symptoms showed similar associations (2.7; 95% CI, 2.0-3.4) to analyses further restricted to exclude participants with asthma (2.7; 95% CI, 2.0-3.5). Exclusion of participants reporting wheezing early in life (at age <15 yr) the age and PRM FSA association was still maintained, both in the group of never-smokers without airflow obstruction (2.4; 95% CI, 1.3-3.6) and among never-and ever-smokers without airflow obstruction (2.7; 95% CI, 2.1-3.2) (see Table E3 ).
Functional Small Airway Abnormalities Impact FEV 1 and FVC Next, in subjects without airflow obstruction, never-and ever-smokers, we analyzed the associations between PRM FSA and FEV 1 or FVC, in models adjusted for age, sex, race, height, smoking history, smoking status, history of asthma, and PRM EMPH . We found that an increase in PRM FSA of 1% was not associated with a significant change in FEV 1 (b = 1.9 ml; 95% CI, 21.6 to 5.5 ml; P = 0.35). However, PRM FSA significantly impacted FVC, with a 1% increase in PRM FSA being associated with 9.4-ml greater (95% CI, 5.0-13.7 ml) FVC. As a consequence of this differential impact on FEV 1 Table E4 . We found that the extent of PRM FSA is significantly greater (P = 0.002 for the interaction term) at any age among those with airflow obstruction (Figure 3 ; see Figure E1 ), indicating that the contribution of aging to greater PRM FSA is different in presence of established obstruction. Thus, in models adjusted for FEV 1 % predicted, sex, race, height, smoking status, smoking history, history of asthma, clinical center, and scanner, there was a 4.2% higher PRM FSA per decade of age (95% CI, 3.3-5.1%) among subjects with obstruction, versus only a 2.7% higher PRM FSA per decade of age (95% CI, 2.2-3.2%) among those without airflow obstruction (see Figure E2 ). We also found a significant interaction between age and airflow obstruction in determining the extent of PRM EMPH (P = 0.006 for the interaction term), although the difference per decade of age was of lower magnitude (see Figure E3 ).
Discussion
In this investigation of a well-characterized group of never-and ever-smokers, our cross-sectional analysis of imaging data using the PRM technique identified several novel findings about lung aging. First, in subjects without airflow obstruction, a modest degree of PRM FSA was associated with greater age, regardless of the presence of symptoms or respiratory-related impairment, an association maintained in different subgroups by history of smoking or asthma. Second, we found a significant association between airway abnormality (as defined by PRM FSA ) and increased FVC. Third, we also demonstrate greater effect of age on the extent of PRM FSA among subjects with airflow obstruction, such that for the same degree of airflow obstruction, older subjects have greater small airway abnormality.
Hence, our data support the hypotheses that in this cohort (1) early events of lung aging in subjects without airflow obstruction or respiratory symptoms are represented by imaging abnormalities related with small airways, with minimal extent of emphysematous changes; (2) in older subjects without respiratory disease, nonclinically significant signs of small airway disease, which can be detected by PRM analysis, can bias spirometry values toward a spurious obstruction, when defined by the fixed FEV 1 /FVC ratio method (29) ; and (3) that the impact of age on imaging-derived markers of small airway abnormality is particularly relevant among subjects who have airflow obstruction compatible with a diagnosis of COPD.
With a growing number of older adults needing medical care, understanding agerelated changes to the lungs is needed to differentiate between healthy aging and disease, in particular when a new diagnostic method becomes available. With advancing age, respiratory physiologic studies (3, 30, 31) show a loss of elastic recoil, hyperinflation and air trapping, and linearly increased residual volume and decreased vital capacity. Probably the best known effect of normal aging of the lungs is progressive enlargement of the alveolar ducts and distal alveoli resembling emphysematous changes (31) . Despite the paucity of inflammatory infiltration of the airways or changes in collagen and elastin content in the healthy elderly (32) , it has become customary to label (erroneously) this process as "senile emphysema," whereas a more precise term might be "senile lung" changes (7, 18) . We found that the burden of CT-defined emphysema, as determined by PRM EMPH , was low in our selected group of participants with normal spirometry, even among those with respiratory-related impairment. Using a novel method to quantify emphysema noninvasively in a large sample, we provide new evidence to the long-lasting discussion about the interpretation of emphysema-like changes in the healthy elderly, and suggest that in the absence of toxic exposures and concurrent specific susceptibility factors (7), emphysema development is not an agerelated condition.
Little regarding aging of the distal airways has been previously described. A previous report suggests that numbers of small airways may be reduced in subjects with senile lung (18) . The paucity of information contrasts with growing evidence of the role of peripheral airways as an early target of physiologic changes in COPD (33) , and early evidence of increasing resistance of the peripheral airways with advancing age (8, 34) . More recently, studies using thin-section CT imaging have reported more frequent bronchial wall thickening in older adults, compared with their younger counterparts, independent of smoking history (35). Boudewijn and colleagues described an association between increasing age and more PRM FSA , in a study of 49 currentand 47 never-smokers, mean age 40 years (19) . We confirmed the age and PRM FSA association, and extend those findings by examining a larger population of more advanced age, even without respiratory impairment.
Our results are important to the venerable and ongoing controversy over the different methods and thresholds currently used to identify and define abnormal spirometric values compatible with airflow obstruction, most commonly the fixed ratio and the lower limit of normal methods. Comparisons of both methods in older adults have shown a rate of discordance as high as 54% (36) (37) (38) . It has been argued that some degree of hyperinflation caused by age-related changes of emphysema contributes to an age-related FEV 1 decline, resulting in greater overdiagnosis of obstruction when using the fixed ratio definition. In the current sample of subjects without clinically evident lung impairment, we have demonstrated that small airway abnormalities have greater impact on FVC, with minimal changes on FEV 1 , and that the resulting lower ratio could be a function of a change in the denominator (FVC), not just in the numerator (FEV 1 ). A plausible interpretation of our findings is that the fixed ratio definition overestimates obstruction in the healthy elderly primarily because of the impact of "silent" small airway abnormalities on the expiratory measures captured by spirometry, not just the consequence of senile emphysema-like changes. Furthermore changes, rather than senile emphysema-like changes, are the main contributors to this effect.
The finding of greater PRM FSA extent among subjects with clinical disease and obstructive physiology, compared with those free of clinical and spirometric definitions of COPD, points toward a crucial role of small airways in the development and progression of tobaccorelated obstructive lung disease (33, 34) . Among participants in the current study, the impact of aging was both present and magnified among those with obstructive disease, resulting in even greater PRM FSA . Conversely, the finding of little to no difference in abnormal airway burden between smokers and nonsmokers of the same age before the development of overt obstruction agrees with current concept of COPD susceptibility. These novel findings suggest that the pathologic mechanisms involved in COPD are not just the result of exposure and accelerated aging (39, 40) , but instead that COPD progression results from "accelerated aging" only among susceptible individuals (4, 41) . Whether such susceptibility in turn stems entirely from genetic predisposition, or instead might result in part from stochastic interactions between the immune system and an individual's personal history and temporal order of respiratory infections, requires further study.
Our work is subject to several limitations. First, there was no tissue confirmation of the PRM FSA measures, making it impossible to distinguish air sacs dilation from actual destruction. Whether there are intrinsic age-related structural abnormalities in the peripheral airways, or if the imaging findings of PRM FSA represent age-related changes in lung elasticity, remains unknown and the evidence provided by this study cannot provide a final answer to that question; studies to validate PRM measurements histologically are under way. Second, SPIROMICS participants are volunteers, not a representative population sample, raising questions about subtle self-selection bias. Against that possibility is our demonstration of similar outcomes regardless of the presence of respiratory impairment, which we defined robustly by inclusion of several measures of patient-reported symptoms and outcomes, and the similar findings when controlling for the effect of asthma and early life wheezing. The cross-sectional nature of our analyses is a current limitation; longitudinal analysis of this cohort would greatly extend its power. Nevertheless, published work demonstrating an association between PRM FSA and prospectively assessed lung function decline (28) supports the validity of this metric. Major strengths of the analysis include the large number of participants, use of well-defined criteria to judge presence or absence of abnormal lung function and lung impairment, and detailed analytic models with inclusion of most factors known to be associated with lung function and morphology.
Conclusions
Analysis of paired inspiratory and expiratory chest CTs using PRM showed that functional small airway abnormality increases with age, about 2% per decade after the age of 50 years, even in neversmokers with normal lung function and free of respiratory symptoms. This abnormality results in a decreased FEV 1 /FVC ratio, caused mostly by a relative increase in the FVC. Among individuals with mild to moderate COPD, aging is associated with significantly greater imaging-based evidence of functional small airway abnormality. n
